Sowman PF, Flavel SC, McShane CL, Sakuma S, Miles TS, Nordstrom MA. Asymmetric activation of motor cortex controlling human anterior digastric muscles during speech and target-directed jaw movements. J Neurophysiol 102: 159 -166, 2009. First published May 6, 2009 doi:10.1152/jn.90894.2008. Like most of the cranial muscles involved in speech, the trigeminally innervated anterior digastric muscles are controlled by descending corticobulbar projections from the primary motor cortex (M1) of each hemisphere. We hypothesized that changes in corticobulbar M1 excitability during speech production would show a hemispheric asymmetry favoring the left side, which is the dominant hemisphere for language processing in most strongly right handed subjects. Fifteen volunteers aged 24.5 Ϯ 5.3 (SD) yr participated. All subjects were strongly right handed as reported by questionnaire. A surface electromyograph (EMG) was recorded bilaterally from digastrics and jaw movement detected by an accelerometer attached to a lower incisor. Focal transcranial magnetic stimulation (TMS) was used to assess corticomotor excitability of the digastric representation in M1 of both hemispheres during four tasks: 1) static isometric contraction of digastrics; 2) speaking a single word; 3) visually guided, nonspeech jaw movement that matched the jaw kinematics recorded during task 2; and 4) reciting a sentence. Background EMG was well matched in all tasks and jaw kinematics were similar around the time of the TMS pulse for tasks 2-4. TMS resting thresholds and digastric muscle-evoked potential (MEP) size during isometric contraction did not differ for TMS over left versus right M1. MEPs elicited by TMS over left, but not right M1 increased in size during speech and nonspeech jaw movement compared with isometric contraction. We conclude that left corticobulbar M1 is preferentially engaged for descending control of digastric muscles during speech and the performance of a rapid jaw movement to match a target kinematic profile.
I N T R O D U C T I O N
The trigeminally innervated anterior digastric muscles act on the mandible to produce jaw opening during voluntary mouth opening, chewing, and speech and help to stabilize the hyoid bone during swallowing. Most of the cranial muscles involved in speech, including digastrics, receive descending corticobulbar projections from the primary motor cortex (M1) of both hemispheres (Kuypers 1958) . The well-established hemispheric asymmetries of language processing in the brain raise the question of whether there is lateralization, at the level of M1, in the descending signals conveyed to cranial motoneurons during speech production. This information is important for understanding the consequences of focal brain lesions and the pathophysiology of speech disorders involving the cortical motor areas. Evidence for lateralization of corticobulbar M1 function during speech is conflicting. A number of scannerbased functional imaging studies have reported no hemispheric asymmetry in orofacial motor cortex activity for speech and nonspeech mouth movements (Blank et al. 2002; Huang et al. 2001; Murphy et al. 1997; Saarinen et al. 2006; Wise et al. 1999; Wohlert 1993) , whereas others have shown left-sided asymmetry in motor cortex for speech movements (Price et al. 1996; Riecker et al. 2000a; Salmelin et al. 2000) , but not for nonspeech mouth movements (Riecker et al. 2000b; Salmelin and Sams 2002; Wildgruber et al. 1996) . The aim of the present study was to investigate whether there are hemispheric asymmetries in M1 activation of anterior digastric muscles at rest and during voluntary activation of the muscles for speech and nonspeech tasks. We hypothesized that changes in corticobulbar M1 excitability during speech would show a hemispheric asymmetry favoring the left side, consistent with the left-sided hemispheric dominance for language processing in most strongly right handed individuals (Knecht et al. 2000) . We have used transcranial magnetic stimulation (TMS) for the present study because it provides a quantitative assessment of corticomotor excitability that is specific for the M1 representation of the muscles of interest and thus offers some advantages over scanner-based brain imaging techniques in identifying lateralized M1 control of specific muscles during speech and nonspeech tasks.
Speech is an intricate, learned motor skill requiring remarkable cortical control to coordinate the rapidly changing patterns of activation of multiple muscles during the articulation of different sounds. Adults can speak at Յ250 words/min, which corresponds to three to five syllables/s (Smith 1992) . The basic speech sounds are generated from the larynx and shaped by the vocal tract, with further modification through multiple quick movements by articulators in the oral cavity. Most consonant sounds are oral speech sounds (i.e., produced in the oral cavity) and involve precise and very rapid positioning of the mandible (as well as tongue, lips, and soft palate) as one moves from one speech sound to the next (Gracco and Löfqvist 1994). The trigeminally innervated jaw muscles, including digastrics, have a vital role in speech by rapidly adjusting the position of the mandible during articulation (Moore et al. 1988; Smith 1992) .
There have been few TMS studies of the cortical control of speech muscles during speech production. Pioneering studies showed TMS over frontal cortex of either hemisphere could evoke activity in laryngeal muscles during vocalization (Amassian 1988; Cracco et al. 1990 ), and repetitive TMS over frontal cortex can interrupt speech (Pascual-Leone et al. 1991; Stewart et al. 2001 ). There have been no studies of corticomotor excitability changes with single-pulse TMS during speech production for any muscle involved in speech, analogous to those conducted for hand muscles, that have revealed taskrelated (e.g., Datta et al. 1989; Flament et al. 1993; Lemon et al. 1995) or hemispheric differences (Semmler and Nordstrom 1998) in corticospinal excitability by quantitative analysis of muscle-evoked potentials (MEPs). Technical difficulties undoubtedly contribute to the absence of data in this paradigm. Some speech muscles (e.g., laryngeal) are relatively inaccessible for electromyography (EMG), whereas others such as the tongue and lips have complex muscle architecture (interdigitating muscle fibers crossing the midline) and biomechanics (because they do not act across joints) that make it difficult to interpret EMG records in functional terms or with respect to contralateral/ipsilateral projections following focal TMS of a single hemisphere. These problems are minimized by studying the digastric muscles: these are anatomically distinct muscles (no motor units common to both) that are accessible for selective EMG recordings and activation by focal TMS (Gooden et al. 1999; Jaberzadeh et al. 2007 ) and the jaw movements they produce can be readily recorded (Flavel et al. 2002) . Although it may be suggested that other articulators (such as lips or tongue) play a more prominent role in speech than digastrics, it is clear that the activation of all of the speech muscles needs to be coordinated with a great degree of speed, precision, and flexibility to produce fluent speech (Gracco and Löfqvist 1994) . It is likely that the features of corticobulbar M1 lateralization identified by studying the digastrics are generalizable to the control of other speech articulator muscles.
In the present study we have assessed digastric responses to focal TMS applied to either hemisphere when the muscles were at rest and voluntarily activated under four conditions: isometric contraction; speaking a single word; speaking a sentence; and making a rapid, preprogrammed jaw opening movement to match the kinematics during the spoken word task. In this way, we sought to identify task-related differences in corticobulbar M1 excitability and hemispheric lateralization of these taskrelated effects, under conditions of comparable muscle activation and/or movement kinematics, in the presence or absence of speech. Two speech tasks were studied as we hypothesized that the more complex sentence task might accentuate speechrelated effects in M1. Our results show enhanced excitability of left versus right corticobulbar M1 during performance of both speech tasks and the rapid preprogrammed jaw movement, whereas there were no hemispheric differences in corticobulbar M1 excitability at rest or with isometric contraction of digastrics.
M E T H O D S

Subjects
Fifteen neurologically normal volunteers (mean age Ϯ SD, 24.5 Ϯ 5.3 yr; 11 females and 4 males) participated in this study. All subjects were strongly right handed as assessed by questionnaire (Oldfield 1971) , with mean (ϮSD) laterality quotient (LQ) 89.7 Ϯ 7.7, and fluent in spoken English. We used subjects with a high degree of right-hand preference (LQ score Ͼ ϩ0.80) because functional imaging has shown that about 96% of subjects with LQ scores in this range have speech lateralized to the left hemisphere (Knecht et al. 2000) . The experiments were conducted with the approval of the Human Research Ethics Committee at The University of Adelaide and all subjects provided written, informed consent.
Apparatus and recording
An EMG was recorded with self-adhesive, bipolar, silver/silverchloride electrodes (Duotrode, Myotronics-Noromed, Kent, WA) affixed to the skin overlying the digastric muscles on either side of the midline in an anterior-posterior configuration. Prior to electrode placement, the subject's skin was prepared by abrasion followed by an alcohol scrub to ensure an interelectrode impedance of Ͻ5 k⍀ in all experiments. Surface EMG recordings over digastrics may include a contribution from nearby muscles such as other suprahyoid and tongue muscles (cross talk is minimized because these lie deep to the digastrics) or platysma (which is a thin muscle but more superficial). In two previous studies we have compared TMS-evoked responses in anterior digastrics using concurrent surface and intramuscular EMG recordings (Gooden et al. 1999; Jaberzadeh et al. 2007) . These studies show a high concordance in results obtained with the two methods from the same digastric muscle and a low degree of cross talk between the two digastric muscles. We are therefore confident that the surface recordings provide a reliable assessment of responses to TMS for the digastric muscle immediately underlying the electrodes. EMG signals were amplified (ϫ5,000) with a custom-built artifact-suppressing amplifier, based on a design reported by Millard et al. (1992) . The stimulus artifact was suppressed by reducing the gain of the EMG amplifier to unity from 1 ms prior to the TMS pulse until Յ2 ms after the stimulus. EMG was filtered (20 -1,000 Hz) and digitized (CED 1402 data acquisition interface and SIGNAL software) at 5 kHz per channel. Subjects were grounded using a lip-clip electrode placed on the lower lip (Türker et al. 1988) . Mandibular movements were monitored using an accelerometer (range Ϯ2 g, sensitivity 250 mV/g; ADXL311JE, Analog Devices, Norwood, MA). The accelerometer weighed 0.7 g and was temporarily affixed to a lower central incisor with glass ionomer dental cement (GC Fuji IX, GC, Tokyo). The acceleration signal was passed to an analog integrator (time constant 200 ms) to provide an on-line estimate of jaw velocity for subject feedback and both acceleration and velocity signals were band-pass filtered (DC to 100 Hz) and digitized at 5 kHz/ch using a CED 1401 DAC.
Transcranial magnetic stimulation
A transcranial magnetic stimulator (Magstim model 200, Magstim, Whitland, UK), with a focal figure-of-eight stimulating coil (90-mm outer diameter), was applied to left or right M1 to elicit MEPs from both digastric muscles. Left and right hemispheres were tested separately in the same session. The coil was initially positioned 6 cm anterior and 7 cm lateral from the vertex (Gooden et al. 1999 ) and then moved systematically until the optimal position was identified for eliciting a MEP in the contralateral digastric muscle in that subject. MEP threshold in the resting digastric muscle was determined as the minimal TMS intensity required to evoke a MEP Ͼ30 V in the contralateral digastric muscle in 6 of 10 consecutive trials (Gooden et al. 1999 ). This TMS intensity was used as the test intensity for all subsequent experimental trials with the muscles active. A shortlatency (ϳ3 ms) response in the ipsilateral digastric muscle to focal TMS (rMEP; Cruccu et al. 1989) , indicative of direct stimulation of the ipsilateral trigeminal nerve, was not observed in any subject at the test TMS intensity. This is important, given that the rMEP would obscure the cortically evoked digastric MEP, which has an onset latency of about 7 ms.
Experimental protocol
Focal TMS was used to probe M1 excitability for both hemispheres during four different oromotor tasks:
The subject was instructed to read aloud the word "stack" at a constant moderate volume. This word was chosen because there is a brisk activation of the digastric muscles and jaw-opening during production of the "ack" sound. TMS was triggered by a threshold crossing on the digitized jaw velocity record, which was empirically placed to reliably represent the start of the jaw opening during the word "stack." A block of 20 trials was performed, 10 with TMS and 10 without discharging the Magstim, in random order so that the subjects were unable to predict whether they would receive TMS in any single trial. There was a 10-s break between each trial.
This was a static isometric contraction of digastrics designed to match the muscle activation level reached during task 1. The subject was first instructed to read aloud the word "stack" as just described, then an average of the peak rectified and integrated digastric EMG was calculated from 10 trials. This target level was displayed on an oscilloscope. During experimental trials, subjects were required to match their digastric rectified EMG to this target level by performing an isometric mouth opening against a resistance placed under the chin. TMS was triggered at random times during the Static task. Twenty trials (0.1 Hz) were performed, 10 with TMS and 10 without, in random order.
This was a visuomotor target-matching task, designed to reproduce the kinematics of jaw movement observed when saying the word "stack," without vocalization or motor imagery of speech. The subject read aloud the word "stack," as in task 1, 10 times. The jaw-velocity profile was monitored on a storage oscilloscope and, once a consistent jaw-velocity profile was reliably achieved by the subject, a representative jaw-velocity waveform was graphically displayed on a transparency overlaying the oscilloscope screen. The oscilloscope was set to a slow sweep speed and the trace displayed the mandibular velocity. During experimental trials, the subject was required to perform a rapid mandibular displacement that matched the amplitude and waveform of the target mandibular velocity profile, without vocalizing or thinking of saying the word "stack." Twenty trials (0.1 Hz) were performed, 10 with TMS and 10 without, in random order. TMS was triggered by a threshold crossing on the digitized jaw velocity record, which was empirically placed to reliably represent the start of the jaw opening during this task. The trigger level was set to a point on the mandibular velocity waveform similar to that used during task 1.
This task was designed to involve similar movement kinematics of the mandible as tasks 1 and 3, but imbedded in a more complex motor task requiring the speaking of a sentence. On each trial the subject was instructed to read aloud the sentence: "Ann has a new stack of pancakes" at a constant, moderate volume. TMS was triggered by a threshold crossing on the digitized jaw-velocity record, which was empirically placed to represent reliably the start of the jaw opening during the word "stack." The jaw-velocity signal input to the computer was electronically gated by a switch controlled by one experimenter that was manually enabled after the subject spoke the word "new." This ensured that TMS was triggered by the jaw-velocity profile of the word "stack," and not some other component of the sentence. Twenty trials (0.1 Hz) were performed, 10 with TMS and 10 without, in random order.
Task 1 was always performed first, with the order of the other three tasks randomized. TMS was applied over one hemisphere for all four tasks and then the protocol repeated for TMS over the opposite M1. The hemisphere tested first was alternated between experiments.
Data analysis
Rectified EMG and mandibular velocity were averaged off-line from digitized records for an epoch spanning 1 s before and 5 s after the trigger, for trials with and without TMS. The digastric MEP onset latency was identified in the rectified EMG average from the TMS trials and cursors were used to define a 15-ms epoch following MEP onset (Fig. 1) . The area of the rectified EMG in this 15-ms epoch gave the MEP size in the TMS trials. For the control trials (no TMS) the area of the rectified EMG in this 15-ms epoch gave a measure of the background digastric EMG for each task (the gray area in Fig. 1 ). To minimize effects of variation in background EMG levels on the size of the MEPs between tasks and subjects, the MEP size was normalized by dividing the MEP area by the background EMG area in the 15-ms epoch of interest from the non-TMS trials (Fig. 1) . The normalized MEP area (nMEP) obtained by this method was the variable used to quantify corticomotor excitability in the statistical analyses.
Statistical analysis
All statistical analyses were performed using SPSS 13 for Windows. Threshold TMS intensity for eliciting a MEP in the contralateral digastric at rest was expressed as a percentage of maximum stimulator output (%MSO) and compared for left-and right-hemisphere stimulation using a paired t-test. Repeated-measures ANOVA was used to examine the overall effects of three factors and their interactions on the dependent variables (normalized MEP area, background EMG). These factors were: TASK (Word, Static, Move, Sentence), HEMISPHERE of stimulation (left or right M1), and SIDE of muscle recording with respect to the hemisphere stimulated (ipsilateral, contralateral). Mauchly's test was used to assess sphericity of the data and, where appropriate, the Greenhouse-Geisser epsilon was applied for correction of degrees of freedom. Degrees of freedom corrected by this method are rounded to the nearest integer in this report. Where significant effects were found in the ANOVA, Tukey's honestly significant difference (HSD) post hoc test was used to examine these differences. Statistical significance was accepted at the 5% level after correction. All results are presented as means Ϯ SE unless otherwise specified.
R E S U L T S TMS threshold intensity for a MEP in a resting digastric did not differ significantly between hemispheres. Mean (ϮSE) resting threshold with left hemisphere TMS was 54.5 Ϯ 4.3% MSO and 55.4 Ϯ 4.5% MSO with right hemisphere stimulation (paired t-test; P ϭ 0.6). All active trials were conducted using TMS at resting threshold intensity. Mean (ϮSD) digastric MEP onset latency was 7.8 Ϯ 1.1 ms in the active trials, with no significant effect of TASK [F (3,42) 
Effect of task and hemisphere of stimulation on digastric MEPs
A representative example of data from one subject is shown in Fig. 2 . The left column shows the rectified, averaged EMG recorded from the left digastric muscle when left M1 was stimulated by TMS (solid black traces) and during control trials without TMS (gray traces), for the four tasks performed by the subject. The middle column shows the corresponding data from the same muscle with TMS applied over right M1 while the subject performed the tasks. In the static isometric contraction (bottom row), the MEP was similar in size for left-and right-hemisphere TMS (nMEP ratio 2.0 and 1.6, respectively). With left-hemisphere TMS the MEP was strongly facilitated during both speech tasks and to a lesser extent during the Move task. In contrast, with right hemisphere TMS the digastric MEP size was similar for all four tasks.
The rightmost column in Fig. 2 shows the average jaw velocity during the control (no-TMS) trials for the Move, Word, and Sentence tasks, for the block of trials with TMS over left M1 (black lines) and right M1 (gray lines). The jawvelocity profile was similar for the Move condition and the two speech tasks, indicating that the subject successfully matched the target jaw kinematic profile in the Move task. For each task, the average jaw-velocity profiles were very similar for non-TMS trials with the TMS coil over left M1 and right M1. Similarly, the profile of rectified EMG during the control trials was similar for the trials investigating left M1 and right M1 with TMS. The very different pattern of MEP facilitation in the Move, Word, and Sentence tasks with TMS over left M1 versus right M1 thus does not appear to be associated with differences in task performance, as reflected by jaw kinematics or EMG profile.
For the group data (Fig. 3) , a three-way ANOVA revealed a significant main effect of TASK [F (2,26) ϭ 4.1; P ϭ 0.03], HEMISPHERE [F (1,14) ϭ 6.1; P ϭ 0.027], and SIDE [F (1,14) ϭ 5.6, P ϭ 0.033] on the size of the normalized MEP in digastrics following TMS. There was also a significant interaction between TASK and HEMISPHERE [F (3,42) ϭ 5.4, P ϭ 0.039], indicating a different pattern of MEP facilitation with task for TMS applied over left hemisphere versus right hemisphere. These data are shown in Fig. 3 . With TMS over left M1, the normalized MEP was significantly larger in the Move (33%; Tukey HSD, P Ͻ 0.01), Word (30%; P Ͻ 0.05), and Sentence (39%; P Ͻ 0.001) tasks, compared with static isometric contraction. In contrast, with TMS over right M1 there was no FIG. 2. Data from a single subject showing the effect of hemisphere stimulated by TMS and task on the digastric MEP. Averaged, rectified EMG from left digastric in 4 tasks is aligned to TMS at time 0 for stimulation of left M1 (left column) and right M1 (middle column). Solid black traces are from trials when TMS was given; gray traces are from trials with no TMS. Stimulus artifact is present immediately following time 0 in TMS trials. Vertical dotted lines indicate the 15-ms time window containing the MEP. Numbers to the left of each record give the size of the normalized MEP, relative to baseline (no-TMS trials). Tasks performed by subjects while TMS was delivered were: Sentence, Word, Move, and Static (see METHODS). The rightmost column shows the average jaw velocity recorded concurrently during the 3 tasks involving jaw movement, for left (black line) and right (gray line) hemisphere stimulation. TMS was triggered on-line from the jaw movement records when a target jaw-opening velocity was reached. The traces are the averages from trials in the control condition without TMS. Jaw kinematics were similar for all movement tasks and for blocks of trials with left-and right-hemisphere TMS. With TMS over left M1, the digastric MEP was larger during speech and jaw movement compared with static isometric contraction. In contrast, with TMS over right M1, there was little difference in relative size of digastric MEP for the 4 tasks. significant difference in size of the normalized MEP between any task. Furthermore, the normalized MEP was significantly larger with left-versus right-hemisphere TMS for the Move (31%; P Ͻ 0.05), Word (34%; P Ͻ 0.01), and Sentence (37%; P Ͻ 0.001) tasks, but not for the Static task.
The normalized MEP data in Fig. 3 have been pooled for digastric muscles on both sides. The nMEP in the muscle contralateral to the stimulated hemisphere (3.5 Ϯ 0.3) was on average 15% larger than that recorded ipsilaterally (3.0 Ϯ 0.3), resulting in the significant main effect of SIDE in the three-way ANOVA [F (1,14) ϭ 5.6, P ϭ 0.033]. The data were pooled for left and right digastrics because none of the interactions involving SIDE was significant in the ANOVA. This indicates that the effects of TASK and HEMISPHERE were similar for ipsilateral and contralateral muscles.
The 15-ms epoch following MEP onset was used to quantify the MEP in trials with TMS. The same epoch was used in the control (no-TMS) trials to quantify the average rectified EMG level for each task, as an indicator of digastric motoneuron pool excitability around the time of the MEP. This background EMG level was analyzed with three-way ANOVA, which revealed no significant effect of TASK [F (3,35) ϭ 2.43, P ϭ 0.09], HEMISPHERE [F (1,14) ϭ 0.01, P ϭ 0.93], or SIDE [F (1,14) ϭ 0.92, P ϭ 0.35]. None of the interactions in the ANOVA was significant. This indicates that motoneuron pool excitability was relatively consistent across all conditions. Mean (ϮSE) digastric background EMG in non-TMS trials for the four tasks performed during assessment of left M1 was: Static, 13 Ϯ 4 V; Move, 12 Ϯ 2 V; Word, 11 Ϯ 2 V; Sentence, 10 Ϯ 2 V. Corresponding values during assessment of right M1 were: Static, 12 Ϯ 3 V; Move, 14 Ϯ 2 V; Word, 11 Ϯ 2 V; Sentence, 11 Ϯ 1 V. The reported EMG values are pooled for left and right side muscles (cf. Fig. 3 ) because the effect of SIDE was not significant in the ANOVA.
D I S C U S S I O N
The main finding in the present study is that the digastric MEP elicited by focal TMS over left M1 increased in size when subjects spoke out loud or made a rapid, preprogrammed jaw movement to match a visual target, compared with a static isometric contraction. These task-related differences in corticomotor excitability were not seen with TMS over right M1. Motoneuron pool excitability and jaw kinematics were well matched between tasks, and for trials assessing left and right hemisphere, and therefore did not account for differences in MEP size. We conclude that corticobulbar M1 in the left hemisphere is preferentially engaged for control of the digastric muscles during speech and rapid jaw movements.
Lateralized corticobulbar control of anterior digastric muscles
The trigeminally innervated jaw-closers (masseter) and jawopeners (digastric) receive descending corticobulbar projections from motor cortex of both hemispheres (for review see Nordstrom 2007). It is generally regarded that the two hemispheres act in concert to control the trigeminal muscles, although there is evidence for a functional differentiation in the dual-hemisphere control of masseter from M1 during unilateral biting (Butler et al. 2001) . In contrast, the digastric muscles on each side are usually activated in unison (Widmalm et al. 1988) and no functional distinctions in the dual-hemisphere control of digastrics from M1 have been identified previously. Until now, however, the cortical control of the trigeminal muscles has been considered virtually exclusively in the context of mastication and the application of force to objects between the teeth. Cortical control of the vital role played by the digastric muscles in speech (Moore et al. 1988; Smith 1992) has not been previously investigated.
At rest, and with weak voluntary isometric contraction, the strength of the corticobulbar projections to digastric motoneurons is slightly greater from the contralateral hemisphere (Gooden et al. 1999; Jaberzadeh et al. 2007 ; present study). The relative strength of the projection from left and right hemispheres has not been reported previously. We found no hemispheric difference in TMS threshold intensity for evoking a MEP in digastrics in the present study, indicating that resting excitability of the corticobulbar projection to digastrics was similar in left and right M1. During static isometric contraction of digastrics, the size of the MEP evoked by TMS of the left M1 was similar to that evoked from the right (Fig. 3) , suggesting a similar contribution from each hemisphere in this task. The same TMS intensity elicited larger digastric MEPs when subjects spoke out loud or made a rapid, preprogrammed jaw movement with kinematics similar to those of the speech trials, when the left but not the right hemisphere was stimulated. Jaw-movement kinematics around the time of the TMS trigger were very similar for the speech and jaw-movement tasks and, for each task, there were minimal differences in jaw-movement kinematics in sessions used to assess left-and right-hemisphere TMS. Background EMG in control trials without TMS was similar in all four tasks and in sessions involving left-and right-hemisphere TMS. These results show that jaw movements and motoneuron pool excitability were relatively consistent across all conditions and thus these factors are unlikely to be responsible for the task-and hemisphere-related differences in normalized MEP size that we observed (Fig. 3) . Because motoneuron pool excitability was well matched, we conclude that the larger normalized MEP in the speech and movement tasks with left-hemisphere TMS reflect increased excitability of corticobulbar neurons in left, but not right, M1 during the performance of these tasks.
Lateralization of M1 control of speech musculature
A descending pathway from orofacial and laryngeal areas of motor cortex is responsible for the production of learned motor programs in speech and a pathway from the limbic system to the periaqueductal gray is responsible for nonverbal emotional vocalization such as crying (Jürgens 2002) . With a few exceptions, the cranial motor nuclei innervating the muscles involved in speech receive corticobulbar projections from motor cortex of each hemisphere (Kuypers 1958) . In most people there is hemispheric lateralization of speech, with the left hemisphere important for speech comprehension and programming of the complex sequence of activation of articulatory muscles needed for speech (Price 2000) , whereas the right hemisphere is important for pitch, melody, and affective modulation of vocalization (prosody) (Riecker et al. 2000a; Ross 1981; Ross and Monnot 2008) . Lateralization of these aspects at the level of M1 is supported by a recent TMS study, which reported increased excitability of left M1 hand area during speech and right M1 hand area during singing and humming (Sparing et al. 2007) . Scanner-based functional imaging has not provided clear answers on the question of lateralization of orofacial motor cortex during speech and nonspeech movements (see INTRODUCTION) . Our TMS findings indicate a lateralization at the level of M1 for control of digastric muscles during speech production, with a greater excitability change in the left hemisphere (Fig. 3) . Our observations are consistent with reports that lesions restricted to left internal capsule or motor cortex can produce dysarthria, whereas comparable lesions in the right hemisphere do not (Alexander et al. 1989; Schiff et al. 1983) . Because a similar left-sided lateralization was also found for the nonspeech jaw-movement task (Fig. 3) , the hemispheric differences we have observed may reflect a critical role of left M1 in the performance of a variety of skilled motor tasks (see following text), of which speech may be one example.
The lateralized facilitation of corticobulbar M1 we observed may reflect greater generalized left-sided hemispheric activation in the cognitive processing for these speech and jawmovement tasks, rather than specific changes in corticobulbar activity related to movement commands. For example, excitability of the hand area of M1 to TMS is facilitated by a diverse range of complex cognitive functions (e.g., linguistic processing, emotions, self-awareness) that do not require motor output from the corticospinal system (e.g., Keenan et al. 2001; Tormos et al. 1997 et al. 2003) muscles assessed with the muscles at rest. This activity may represent sensorimotor integration by mapping of sensory afferent input to the motor programs required to articulate that sound (Fadiga et al. 2002) , but is also consistent with the long-standing theory that speech perception involves access to the speech production system (Liberman and Mattingly 1985) . Direct support for a role of motor cortex in speech perception has been obtained recently with TMS (D'Ausilio et al. 2009; Meister et al. 2007 ). In the present study the speech tasks were repetitive and self-paced, which would have minimized demands on cognitive language processes. Similar lateralized changes in corticobulbar M1 excitability were seen for the jaw-movement task, suggesting that the hemispheric differences were not simply related to greater excitability of the left hemisphere for language processing. It is possible, however, that a more demanding linguistic task may have produced greater changes in MEP size during speech compared with jaw movements.
Hemispheric differences in M1 contribution to skilled movements
It is well established that neuronal ensembles in primary motor cortex (M1) encode aspects of motor programs such as movement direction, force, and the precise spatiotemporal patterning of movements. There is emerging evidence that M1 is involved in higher-level functions in motor control than simply the execution phase (Donoghue and Sanes 1994; Georgopoulos 2000) and M1 is clearly involved in motor learning (Karni et al. 1998; Sanes and Donoghue 2000) . It has been suggested that the left hemisphere is specialized for spatiotemporal control of fine movements and higher-level aspects of complex movements including construction and storage of motor programs (Haaland and Harrington 1996) . In most people, the left hemisphere contributes to fine motor skill of both hands, whereas the right hemisphere contributes to this function for the left hand, but not the right (preferred) hand. Supporting evidence has been obtained with temporary inactivation of one hemisphere with barbiturate (Heilman et al. 2000) and from patients with unilateral hemispheric lesions (Kimura 1977; Wyke 1968 Wyke , 1971 . Even at the level of M1 the left hemisphere plays a key role in skilled hand movements that is not normally performed by the right M1 (Chen et al. 1997) . These effects of left M1 on left-hand movements are presumably mediated by transcallosal or subcortical connections influencing the corticospinal output of the right hemisphere because the ipsilateral corticospinal output to hand muscles is negligible.
The jaw movements made by the subjects during our speech and nonspeech tasks were sequences of rapid, small-amplitude opening and closing movements, requiring precise coordination of the trigeminal muscles. The "Move" task required the subject to match a target jaw-velocity profile obtained when saying the word "stack." This was a preprogrammed movement that was too rapid for ongoing correction using visual feedback. M1 neurons are known to be vigorously activated for such movements involving the limbs and to contribute to trajectory planning prior to movement (Ashe et al. 1993; Georgopoulos et al. 1989 ). Orofacial M1 is important for accurate performance of trained, skilled movements of the mandible (Luschei and Goodwin 1975) and it is interesting that intracortical microstimulation in orofacial M1 is much more likely to elicit jaw-opening than jaw-closing movements (Clark and Luschei 1974; Huang et al. 1988) . Our data suggest a specialization of left corticobulbar M1 for skilled control of digastric muscles. In the case of the bilateral corticobulbar projection, the left M1 is well placed to directly control aspects of the skilled jaw movement via projections to the digastric motoneuron pools on each side.
In conclusion, we have shown a task-related change in the dual-hemisphere M1 control of the human anterior digastric muscles. Corticomotor excitability was similar for both hemispheres at rest and during static isometric contraction. Corticomotor excitability was enhanced for left M1, but not right M1, for the performance of speech and nonspeech jaw movements with similar kinematics. The similarity of the findings with speech and nonspeech jaw movements suggests that left corticobulbar M1 is preferentially engaged to deal with the more complex requirements of the motor task, rather than reflecting a particular requirement of speech motor control. Nevertheless, investigation of the control of digastrics during speech with TMS may prove a useful model to investigate the pathophysiology of motor speech disorders such as stuttering and dysarthria. 
